1996). Modeling nutrient and plankton processes in the California coastal transition zone: 2. A three-dimensional physical-bio-optical model. Abstract. A three-dimensional (3-D) primitive equation model, developed to simulate the circulation features (filaments) observed in the California coastal transition zone (CTZ), was coupled to a nine-component food web model and a bio-optical model. The simulated flow fields from a 3-D primitive equation model are used to advect the constituents of the food web model, which include silicate, nitrate, ammonium, two phytoplankton size fractions, copepods, doliolids, euphausiids, and a detritus pool. The bio-optical model simulates the wavelengthdependent attenuation of the subsurface irradiance field. The overall objective of this modeling study was to understand and quantify the processes that contribute to the spatial and temporal development of nutrient and plankton distributions in the CTZ. The resulting simulated 3-D nutrient, plankton and submarine light fields agree well with those observed within the CTZ. Specifically, high nutrient and pla, nkton biomass occur onshore and within the core of the simulated filament. Va, riations in the depth of the 1% light level, which result from the simulated plankton distributions, shallows to less than 30 m in regions of high phytoplankton biomass, and deepens to greater than 75 m in regions of low phytoplankton biomass. The onshore and offshore surface carbon flux patterns are similar in shape due to the meander-like flow patterns of the filament; however, the net across-shore area,-integrated ca, rbon flux is predominantly offshore. The total 20-day integrated ca, rbon transport for the model domain varies with distance from shore and is highest (35 x 109 g C) in the region where the filament circulation pattern develops into an anticyclonic and cyclonic pair of eddies. The annual integrated carbon tra, nsport by filaments along the California coast is estimated to be 1.89 x 10 •2 g C. was the Coastal Transition Zone (CTZ) study [Brink and Cowles, 1991; oCtrub et al., 1991], which took place from 1986 to 1988 and focused on a region off the coast of California (Figure 1). This program had as a primary objective the understanding of the physical and biological nature, structure and cause of formation of cold filaments [Coastal Transition Zone Group, 1988], which were often observed in satellite sea surface temperature and pigment concentration images of the waters off the western coast of North America [Brink and Cowles, 1991]. The CTZ program consisted of two field sampling seasons (1987 and 1988), the data from which have provided the basis for this study.
Introduction
During the past decade, increased awareness and concern for the California coastal regions has resulted in a number of research programs (Table 1) that had as their primary focus the understanding of oceanographic processes within the California coastal ocean. An objective that was common to all these programs was the understanding of across-shore transfer of mass and energy within coastal regions. One of these programs [Strub et at., 1991] . This model suggests that most of the offshore transport in the CCS occurs as a meandering jet which transports nutrient-poor waters into the CTZ from the north. In conjunction with this meandering jet, strong cutoff eddies and squirts are observed to form. Cold, upwelled, nutrient-rich water lying between this meandering jet and the coast is then advected offshore. What model type the filaments fall under greatly affects the way in which mass, energy, biology, and nutrients along the coast are transported into the offshore regions. Other studies have investigated the time and space variability of the plankton and nutrient fields associated with the CCS and CTZ. On a regional scale, the biological and chemical distributions within the CCS are greatly influenced by the strong seasonal variation in the coastal wind field. In the spring, the coastal wind field changes to upwelling favorable in a short period of time [Lentz, 1987] . The effect of the seasonal change in wind field pattern on the phytoplankton populations has been the subject of numerous studies [Abbott and Zion, 1987; Michaelsen et al., 1988 ; Abbott and Barksdale, 1991; Strub, 1989, 1990] . During the spring transition, pigment concentrations along the coast increase from 0.5 mg chlorophyll a m -3 to greater than 3 mg chlorophyll a m -3 [ Thomas and Strub, 1989 ].
The spatial and temporal variability of the phytoplankton populations in this region has been attributed to large-and small-scale variations in the wind stress and wind stress curl [Abbott and Zion, 1987; Abbott and Bar'ksdal½, 1991] . In general, the coastal upwelling zone consists of an inshore region which contains high phytoplankton populations in conjunction with high nutrient concentrations. Offshore, the phytoplankton and nutrient concentrations decrease and become increasingly variable [Abbott and Zion, 1987] .
The effect of the filaments is to entrain the recently upwelled waters and transport them offshore within the filament. However, given the complex, 3-D and timedependent nature of these filaments, understanding and quantification of across-shore exchange of nutrients and biomass is difficult. The ephemeral nature of the illaments that occur in the CTZ makes modeling studies an important part of understanding the physical and biological interactions that are responsible for the plankton dynamics associated with the filaments. This paper, the second in a series of three papers The primary objective of this paper is to simulate the plankton dynamics within the CTZ during a period in time that a filament forms and extends offshore.
The resulting simulation is then used to determine the importance of various processes, such as advection, in situ growth, and grazing, in the transport of particulate organic carbon across-shore. The second objective is to determine the flux and total transport of this carbon and their relation to the biomass and across-shore velocity fields. The resulting across-shore carbon flux estimates are compared to carbon flux measurements calculated from data obtained during the CTZ field surveys.
The second section presents the model equations and the initial conditions used for the model simulation.
The resulting physical, bio-optical, and across-shore carbon flux fields are presented in section 3. Finally, section 4 presents a discussion of the results.
Methods

Model Equations
The 
Velocity and Diffusion
The velocities, ¾, and kinematic eddy diffusivities, which were used to advect and diffuse the biological distributions, were provided by the simulated circulation distributions obtained simultaneously from the regional primitive equation model that was developed for the 
The terms and parameters in equations (2)-(7)are defined in Table 2 
Biological Components and Optics
The subsurface irradiance field and the phytoplankton, zooplankton, and nutrient source and sink terms in the 3-D model were calculated using the same formulations developed for the one-dimensional model [Moisan and Hofmann, this issue(a)]. However, these formulations were extended to three dimensions by allowing them to occur at all locations in the spatial field.
Model Implementation
and Initial Condi- The climatological fields for nitrate and silicate were calculated using the same method as that used to ca!culate the initial conditions except that the 3-D climatological temperature field used in the circulation model was used instead of the temperature field derived from day 140. The climatological ammonium, detritus, phytoplankton, and zooplankton fields were set to zero. By setting the climatologies of the biological fields to zero, the resulting biological fields are then a result of the biological forcing and not a result of the climatological forcing.
Results
Simulated Circulation Fields
The 3-D model simulations used 20 days of simulated circulation fields that were obtained after 140 days of integration. This time corresponds to a point in the The vertical distribution of the subsurface PAR field at these alongshore locations (Figure 3) shows that the penetration of a given isolume is quite variable moving onshore to offshore in the filament. Decreased light penetration, and hence a shallower euphotic zone, occurs within the filament due to the enhanced chlorophyll concentrations that develop in response to the nutrients upwelled along the edges of the filament. The magnitude of the upwelling is greater on the southern side of the filament (Plate 1); hence the stronger gradient in euphotic zone depth.
Across-Shore Carbon Distribution and Flux
It has been suggested that the filaments extending offshore in the CTZ provide a mechanism for transporting carbon and nitrogen from coastal regions to the oligotrophic offshore waters 
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0. [Haidvo9el etal., 1991a] . However, except for the filament region, most of the variability of the simulated biological fields was in vertical and across the shore directions. The alongshore circulation had less of a role in structuring these distributions. Therefore the discussion of the resulting bio-optical fields, which follows in the next section, is focused on across-shore and withinfilament variations.
Three-Dimensional Bio-Optical Fields
The results from the model showed that as the filament began to form, nutrient-rich water was upwelled into the upper water column, where it was removed by phytoplankton. This is consistent with the CTZ field observations, where over the initial 3-5 days of filament formation, the diatom community underwent a period of rapid growth in the core of a filament [Hood  et al., 1990, 1991; Chavez et al., 1991] . As the simulated filament matured, nutrients were depleted, and the phytoplankton population diminished as a result of nutrient limitation and increased grazing pressure.
Thus the simulated filaments also served as a stimulus for secondary production by providing conditions favorable for zooplankton growth and reproduction as these populations were advected offshore. These results are velocities in the density front region simply advected water offshore in the northern portion of the filament and then back onshore in the southern portion of the filament. The velocities were larger in the offshore than in the onshore flowing portion because the filament was elongating. Along the core of the filament, where phytoplankton concentrations are highest, the across-shore flux of carbon is lowest because of the low across-shore velocities, coincident with the high carbon concentrations. In this region, the velocities were primarily those associated with the filament's elongation. The addition of an elongation velocity to the onshore and offshore velocities associated with water flowing along the illament has several effects on the onshore and offshore velocities. All offshore velocities increased in magnitudeø All onshore velocities with magnitudes greater than the elongation velocities decreased in magnitude. Also, all onshore velocities with magnitudes lower than the elongation velocities changed to an offshore velocity. The net effect of the filament elongation was to increase (decrease) the aerial extent of the offshore (onshore) surface carbon flux field regions. 
Estimates
Other physical processes such as coastally-trapped
waves and frontal instabilities may also be important in cross-shore carbon transport.
